Open-circuit v o l t a g e , curve power f a c t o r , and maximum power output as f u n c t i o n s of temperature w e r e measured f o r 1-, lo-, 20-, and 80-ohm-centimeter s i l i c o n c e l l s . The r e s u l t s were compared w i t h t h o s e f o r gallium a r s e n i d e s o l a r c e l l s and i n d i c a t e d t h a t , f o r temperatures t o 2 0 0 ' C, 1-ohm-centimeter s i l i c o n s o l a r c e l l s performed b e t t e r t h a n any o t h e r c o m e r
INTRODUCTION
Various space missions can be envisioned t h a t would s u b j e c t t h e s o l a r c e l l s of a space v e h i c l e t o temperatures h i g h e r t h a n 7 5 ' C. what performance t o expect of s i l i c o n s o l a r c e l l s , and what, i f any, s u b s t i t u t e c e l l s can be used t o b e t t e r advantage a t t h e s e h i g h temperatures. Table I shows t y p i c a l outer-space c h a r a c t e r i s t i c s of unbombarded c e l l s a t
Questions arise as t o I n t h i s r e p o r t , t h e t e m p e r a t m e behavior 'of unbombarded and bombarded s i licon c e l l s of v a r i o u s r e s i s t i v i t i e s and unbombarded and bombarded g a l l i u m a r s enide c e l l s w i l l be d i s c u s s e d and compared. The c h a r a c t e r i s t i c s t o be d i s c u s s e d are o p e n -c i r c u i t voltage, maximum power output, and curve power f a c t o r , which i s d e f i n e d as t h e maximum power output divided by t h e product of t h e s h o r t -c i r c u i t c u r r e n t and t h e o p e n -c i r c u i t voltage.

SOLAR-CELL CHARACTEBISTICS
25'
C.
These are t h e v a l u e s t h a t can b e achieved f o r n-on-p s i l i c o n s o l a r , c e l l s of v a r i o u s r e s i s t i v i t i e s .
I n going from 1-, t o lo-, t o 50-, t o 100-ohmc e n t i m e t e r c e l l s , t h e o p e n -c i r c u i t v o l t a g e decreases. The s m a l l i n c r e a s e i n s h o r t -c i r c u i t c u r r e n t f o r 10-ohm-centimeter c e l l s occurs because of the l o n g e r d i f f u s i o n l e n g t h s i n 10-ohm-centimeter c e l l s . The s h o r t -c i r c u i t c u r r e n t remains The curve power factors of the 10-ohm-centimeter cells are better than those of 1-ohm-centimeter cells because junctions with better characteristics can be made in 10-ohm-centimeter material. As the resistivity increases, however, the maximum power output decreases because of the lower open-circuit voltage and the increasing bulk parasitic resistance. Maximum efficiencies are achieved for 10-ohm-centimeter cells.
Of the two categories of gallium arsenide cells in table I, the 5.1-percent-efficient cells were procured commercially, and the 7.1-percentefficient cells were obtained through the courtesy of the U.S. Air Force, Wright Air Development Center. The efficiencies quoted are based on airplane measurements that agree with filter-wheel simulator measurements. Another important factor in the temperature degradation of solar cells is the change in curve power factor with temperature, shown in figure 2. The curve power factor of 10-ohm-centimeter cells degrades faster than that of l-ohmcentimeter cells, and that of 80-ohm-centimeter cells degrades most rapidly with increasing temperature. This decrease in curve power factor occurs'be- cause j u n c t i o n l o s s e s i n c r e a s e w i t h i n c r e a s i n g temperature.
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The degradation of openc i r c u i t v o l t a g e and of curve power f a c t o r l e a d s t o degradat i o n of maximum power output, a s shown i n f i g u r e 3. For t h e s e measurements t h e s h o r t -c i r c u i t c u r r e n t i s maintained c o n s t a n t f o r a l l temperatures a t a value e q u i v a l e n t t o t h e outer-space c u r r e n t a t 25' C. A measure of t h e power degradation i s i n d i c at e d by t h e temperature a t which t h e power f a l l s t o one-half t h a t a t 25' C and i s given by t h e c o e f f i c i e n t expressed as perc e n t power l o s t p e r OC. 
From t h e s e c o n s i d e r a t i o n s it i s apparent t h a t t h e 1-ohmc e n t i m e t e r c e l l would be t h e most u s f u l f o r high-temperature a p p l i c a t i o n s .
BOMBARDED CELLS
One-and ten-ohm-centimeter s i l i c o n c e l l s w e r e s u b j e c t e d t o a n e l e c t r o n bombardment of 1. 5 X 1 O l 6 1-MeV e l e c t r o n s p e r square centimeter. v o l t a g e s w e r e measured a t v a r i o u s temperatures below 1 0 0 ' C w i t h t h e i l l u m i n at i o n l e v e l such t h a t t h e s h o r t -c i r c u i t c u r r e n t s were e q u i v a l e n t t o t h o s e the c e l l s wbuld have i n o u t e r space. There was no observable change i n t h e temperature c o e f f i c i e n t of o p e n -c i r c u i t v o l t a g e a f t e r t h i s l e v e l of bombardment. The same was t r u e f o r proton-bombarded c e l l s bombarded w i t h a dose of 3.9x1012 10-MeV p r o t o n s p e r square centimter, which i s e q u i v a l e n t i n aamage production t o approximately 1 -M e V e l e c t r o n s p e r square centimeter. figure 4 , a temperature coefficient of curve power factor can be determined. There is a significant change in the rate of decrease of the curve power factor with temperature for these electronbombarded cells. The same behavior is also found for proton-bombarded cells.
Changes in the maximum power output of bombarded cells also depend on the variation of short-circuit current with temperature. The short-circuit current increases with temperature at a rate of 0.2 percent per OC for heavily bombarded cells (data from H. K. G m e l of Bell Telephone Laboratories). Based on Lewis measurements and calculations, the half -p%wer point and temperature coefficient of power output for bombarded cells will be similar to those for unbombarded cells.
The power supplies of satellites are usually designed for constant-voltage Figure 5 operation. Therefore, maximum power output of bombarded solar cells was studied as a function of temperature for various constant-voltage conditions. shows the power output for 1-and 10-ohm-centimeter electron-bombarded cells. 
v o l t f o r t h e s i l i c o n c e l l . It should be r e a li z e d t h a t t h e u l t i m a t e l i m i t a t i o n i n t h e use of c e l l s made from high-energy-gap s imic onduc t o r mat e r i a l s i s the temperature a t which t h e o p e n -c i r c u i t v o l t a g e approaches zero.
If t h e curve f o r gallium a r s e n i d e c e l l s i s e x t r a p o l a t e d , t h e v o l t a g e w i l l f a l l t o zero a t a temperature of about 3 7 5 ' C. This should be c o n t r a s t e d w i t h r e p o r t e d o p e n -c i r c u i t v o l t a g e s of 0 . 4 v o l t f o r gallium phosphide experimental c e l l s a t 3 5 0 ' C ( r e f . 1). 
The power
The f i c i e n t l y a t room temperature, i t s power output w i l l be g r e a t e r ' t h a n t h a t of t h e h i g h -e f f i c i e n c y g a l l i u m a r s e n i d e c e l l f o r a l l temperatures up t o and i n c l u d i n g 2000 C. Recent information on t h e e f f e c t s of i m p u r i t i e s i nd i c a t e s t h a t t h i s improvement may now be p o s s i b l e . power f a c t o r of 0.12 p e r c e n t p e r OC i n t h e temperature range from 50° t o looo C i s found f o r bombarded c e l l s as compared w i t h 0.10 p e r c e n t p e r O C i n t h e same temperature range f o r unbombarded c e l l s .
GALLITJM PHOSPHIDE CELLS
The performance of any a v a i l a b l e s o l a r c e l l i s marginal a t 2 0 0 ' C. The g a l l i u m phosphide c e l l i s t h e r e f o r e b e i n g considered f o r use i n t h e range above 200' C.
The c u r r e n t s t a t u s of g a ll i u m phosphide s o l a r c e l l s has been mentioned i n a p r e v i o u s paper ( r e f . 1); however, it should be p o i n t e d out t h a t , i f t h e a n t i c i p a t e d openc i r c u i t v o l t a g e of 1 . 5 v o l t s can be achieved, o p e r a t i o n of t h e s e c e l l s t o temp e r a t u r e s of 5 0 0 ' C would be p o s s i b l e . The low s h o r t -c i r c u i t c u r r e n t s of g a ll i u m phosphide c e l l s would not n e c e s s a r i l y e l i m i n a t e them from c o n s i d e r a t i o n , s i n c e t h e s e c e l l s would b e expected t o o p e r a t e where s o l a r i n t e n s i t i e s are many t i m e s t h o s e on Earth.
CONCLUDING REMARKS
The r e s u l t s of t h i s r e p o r t i n d i c a t e t h a t 1-ohm-centimeter s i l i c o n s o l a r c e l l s are p r e f e r r e d t o any commercially a v a i l a b l e g a l l i u m a r s e n i d e s o l a r c e l l s f o r use a t temperatures t o 200° C. By proper doping, 1-ohm-centimeter s i l i c o n c e l l s can a l s o outperform t h e h i g h e r e f f i c i e n c y , b u t limited-in-production, g a l l i u m a r s e n i d e c e l l s . For maximum power output under r a d i a t i o n damage condit i o n s a t temperatures t o 1 0 0 ' C, t h e r a d i a t i o n damage r e s i s t a n t 10-ohmc e n t i m e t e r s i l i c o n s o l a r c e l l is p r e f e r r e d over t h e 1-ohm-centimeter c e l l . For a p p l i c a t i o n s a t temperatures above 2 0 0 ' C and under high l i g h t i n t e n s i t i e s , g a ll i u m phosphide s o l a r c e l l s m a y b e u s e f u l .
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